JOURNAL OF VIROLOGY, May 2001, p. 4843-4853
0022-538X/01/$04.00+0 DOI: 10.1128/JV1.75.10.4843-4853.2001

Vol. 75, No. 10

Transcription Program of Human Herpesvirus 8
(Kaposi’s Sarcoma-Associated Herpesvirus)

MINI PAULOSE-MURPHY,' NGUYEN-KHOI HA,' CHUNSHENG XIANG,' YIDONG CHEN,?
LAURA GILLIM,' ROBERT YARCHOAN,' PAUL MELTZER,> MICHAEL BITTNER,*
JEFFREY TRENT,?> axo STEVEN ZEICHNER'*

HIV and AIDS Malignancy Branch, National Cancer Institute,* and Cancer Genetics Branch,
National Human Genome Research Institute,> National Institutes
of Health, Bethesda, Maryland 20892

Received 15 November 2000/Accepted 16 February 2001

Human herpesvirus 8§ (HHV-8), a gammaherpesvirus implicated in Kaposi’s sarcoma, primary effusion
lymphoma, and Castleman’s disease, encodes several pathogenically important cellular homologs. To define
the HHV-8 transcription program, RNA obtained from latently infected body cavity-based lymphoma 1 cells
induced to undergo lytic replication was used to query a custom HHV-8 DNA microarray containing nearly
every known viral open reading frame. The patterns of viral gene expression offer insights into the replication

and pathogenic strategies of HHV-8.

Human herpesvirus 8 (HHV-8) or Kaposi’s sarcoma (KS)-
associated herpesvirus (KSHV) was initially identified in KS
lesions using representational difference analysis (8). Subse-
quent epidemiologic studies have implicated HHV-§8 in all
forms of KS (45) including classical KS, KS in AIDS patients
and other immunosuppressed patients, and the endemic KS
seen in human immunodeficiency virus (HIV)-negative pa-
tients in Africa. HHV-8 has also been correlated with body
cavity-based lymphomas (6) and multicentric Castleman’s dis-
ease (37).

HHV-8, a member of the lymphotropic (gamma) subclass of
herpesviruses, has the greatest homologies to Epstein-Barr
virus and herpesvirus saimiri (32). Analysis of the HHV-8
genome reveals a number of conserved sequences, as would be
expected in any herpesvirus, including those which encode
virion structural proteins and viral DNA polymerase (32).
HHV-8 also encodes several protein homologs of host pro-
teins, including interleukin-6 (IL-6), a G-protein-coupled re-
ceptor, chemokine-like molecules (vMIP-I, vMIP-II, and
vMIP-III), interferon regulatory factor 1 (IRF-1), a comple-
ment binding protein, Bcl-2, and cyclin D (23, 26). These viral
proteins potentially contribute to pathogenesis by optimizing
the cellular environment for viral replication or modifying the
host immune response. Like most herpesviruses, HHV-8 rep-
licates using a strictly ordered program of gene expression (31,
43). The temporal regulation of gene expression is important
for fully pathogenic infection. Identifying the times at which
viral genes are expressed may provide insights into HHV-8
pathogenesis.

Presently, there are no highly efficient in vitro exogenous
infection model systems for HHV-8 infection. However, body
cavity-based lymphoma 1 (BCBL-1) cells latently infected with
HHV-8 (29) provide an available approach to study the
HHV-8 lytic cycle. Induction of BCBL-1 cells with phorbol
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esters such as 12-O-tetradecanoylphorbol-13-acetate (TPA)
can initiate lytic replication of HHV-8. Studies using this cell
line show that a significant number of HHV-8 genes are ex-
pressed following TPA treatment while only a small subset of
these viral genes are expressed in the absence of induction
(29). The elevated levels of viral transcripts are accompanied
by an increased production of viral DNA (29). This system thus
provides a means to study the program of HHV-8 gene expres-
sion and replication in a relatively homogeneous population of
cells.

To better understand how the temporal pattern of HHV-8
gene expression contributes to viral replication and pathogen-
esis, we investigated the transcription program of HHV-§
genes using recently developed microarray technology (34). A
custom HHV-8 microarray was constructed containing PCR-
amplified fragments corresponding to each HHV-8 open read-
ing frame (ORF) and used as hybridization targets for probes
made from BCBL-1 cells induced to produce HHV-8 with
TPA at serial times following induction. We compiled a com-
prehensive catalog of the viral genes differentially expressed
during HHV-8 lytic infection. The identification of the expres-
sion pattern of viral genes during the viral replication cycle
provides clues to understanding the HHV-8 replication strat-
egies.

MATERIALS AND METHODS

Cell lines. BCBL-1 cells (29) (National Institutes of Health [NIH] AIDS
Research and Reagent Program, Rockville, Md.) were cultured in RPMI 1640
(BioWhittaker, Walkersville, Md.) containing 10% inactivated fetal bovine se-
rum (HyClone, Logan, Utah), 2 mM L-glutamine (Life Technologies Inc. [LTI],
Gaithersburg, Md.), 100 U of penicillin (LTT)/ml, 100 wg of streptomycin (LTT)/
ml, and 5.0 X 10~° M 2-mercaptoethanol (Sigma Co., St. Louis, Mo.) (BCBL-1
medium) at 37°C with 5% CO,. Cells were maintained at densities between 2.5 X
10° and 3.0 X 10° cells/ml and split every 3 to 4 days. Cells were seeded the day
prior to induction at a density of ~2.5 X 10° cells/ml and chemically induced into
lytic cycle (29) with 20 ng of TPA (Sigma) per ml. One hour after TPA induction,
cells were washed with BCBL-1 medium, fresh medium was added, and cells
were incubated at 37°C.

Construction of HHV-8 microarrays. Microarray detectors for nearly all the
known HHV-8 ORFs and expressed message were constructed based on the
published HHV-8 sequence (32). The viral array elements include sequences for
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82 HHV-8 ORFs, latency-associated transcripts T0.7 and T1.1, and two addi-
tional fragments from the HHV-8 genome between bases 90541 and 89600 and
bases 90173 and 90643. HHV-8 ORF 58 was not included on the array due to
insufficient PCR product. ORFs K8, K8.1, and K8.2 were also excluded because
we were unable to produce PCR products that effectively delineated these al-
ternatively spliced ORFs from ORF 50. The viral array elements were supple-
mented with a subset of 88 cellular genes that were used for internal hybridiza-
tion and normalization controls. These genes are preselected by the National
Human Genome Research Institute, NIH (Bethesda, Md.), and have been ob-
served to have relatively invariant expression under many conditions (18). For
example, included in this set of cellular genes are glyceraldehyde-3-phosphate
dehydrogenase, cytoplasmic beta-actin, human superoxide dismutase, and hu-
man malate dehydrogenase. Primers (Sigma Genosys, The Woodlands, Tex.;
BioServ Technologies, Laurel, Md.) were designed (Table 1) to amplify frag-
ments between 200 and 1,000 bases long from each viral ORF. Fragments were
amplified using BCBL-1 high-molecular-weight DNA as a template. All products
showed a single band of appropriate size by agarose gel electrophoresis. Follow-
ing PCR, the product was ethanol precipitated, washed twice with 70% ethanol,
and then resuspended in Tris-EDTA buffer. Microarrays were prepared by ro-
botically spotting individual DNA species (PCR product concentration of ap-
proximately 0.5 mg/ml) on poly-L-lysine-coated glass slides as previously de-
scribed (13, 36).

RNA preparation. TPA-treated and untreated BCBL-1 cells were collected 0,
3,4, 8, 10, 12, 24, 36, 48, 72, and 96 h postinduction (hpi). Poly(A)* RNA was
isolated using the Fast Track 2.0 kit (Invitrogen, Carlsbad, Calif.) following the
manufacturer’s instructions.

DNA microarray analysis. Poly(A)* RNA isolated from untreated control
BCBL-1 cells and TPA-treated BCBL-1 cells was reverse transcribed using an
oligo(dT) primer (LTI) and labeled with Cy3- and Cy5-dUTP (Amersham Phar-
macia), respectively. The paired reactions were combined, and unincorporated
fluor-dUTPs were removed with Microcon 30 filtration spin columns (Amicon,
Millipore Corp., Bedford, Mass.). Purified fluorescently labeled probe was mixed
with Cot-1 DNA (Boehringer Mannheim, Indianapolis, Ind.), poly(A) (LTT), and
yeast tRNA (Sigma) and then applied to the microarray for hybridization at 65°C
for 16 to 18 h. Following hybridization, slides were washed in 1X SSC (1x SSC
is 0.15 M NaCl plus 0.015 M sodium citrate) for 1 min, followed by washes in
0.2x SSC and 0.05X SSC for 1 min and 20 s, respectively. Hybridizations were
repeated with duplicate arrays and additionally performed with independent
RNA preparations. For selected time points, the arrays were also queried with
probes produced via reverse labeling, that is, TPA-treated cell RNA was labeled
using Cy3-dUTP instead of Cy5-dUTP and the untreated cell RNA was labeled
using Cy5-dUTP instead of Cy3-dUTP. The data obtained using the different
arrays and experiments were consistent.

Slides were scanned with the Axon GenePix 4000 scanner (Axon Instruments,
Inc., Foster City, Calif.) and analyzed using the ArraySuite program, developed
by Chen et al. (4, 9), based on the IP Lab Spectrum software. In the experiment
displayed here, which is representative of one array experiment, the TPA-treated
image (Cy5 labeled) was assigned a red color and the untreated control image
(Cy3 labeled) was assigned a green color to form a pseudocolored image. Inten-
sity data were integrated over 225-pum-square pixels and recorded at 16 bits. The
final reported probe intensity for every spot was the average fluorescent intensity
for the spot minus the local background intensity. The ratios of emission fluo-
rescence for all targets were determined by taking the final reported probe
intensity at each spot in the TPA-treated image and dividing by the final probe
intensity of the same spot in the untreated control hybridization. A normalization
factor, based on the distribution of ratios for the 88 cellular genes, was applied
to ratios from the viral targets, and calibrated ratios were reported (4, 9).
Normalization ensures that the obtained ratios are not affected by differential
labeling or hybridization efficiency. For normalization, the average intensity, in
both Cy3 and Cy5 channels, for the 88 cellular genes was determined (18). The
ratio variance of these 88 cellular genes is also used to calculate 99% confidence
intervals where the ratios are considered to be no different from 1. Calibrated
expression ratios for each gene were cataloged based on a hierarchical clustering
program (average-linkage algorithm) (14). To visualize the temporal trend of
each ORF, we normalized the log-transformed gene expression ratio by its mean
and standard deviation, or z; = (log #; — w;)/o;, where z; is the normalized
log-transformed expression ratio, ; is the expression ratio for /' ORF at /" time
point, and p,; and o; are the mean and standard deviation of the log ratio of it"
OREF across all time points, respectively.

Northern blot analysis. One microgram of poly(A) " RNA was fractionated on
a 1% agarose-formaldehyde gel and transferred to a nylon membrane (Nytran;
Schleicher and Schuell, Keene, N.H.) by standard procedures (3). DNA probes
were labeled with [a->?P]dCTP (3,000 Ci/mmol) (Amersham Pharmacia) by the
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random-primed method using the Rediprime II labeling kit (Amersham Phar-
macia). The DNA probes used in the hybridization reactions were PCR-ampli-
fied products of the HHV-8 ORFs. Blots were prehybridized for 1 h and hybrid-
ized for 2 h at 68°C in ExpressHyb solution (Clontech, Palo Alto, Calif.). Filters
were washed in buffer A (2X SSC and 0.05% sodium dodecyl sulfate [SDS])
three times for 5 min each and then three times for 15 min each at room
temperature, followed by two washes in buffer B (0.1X SSC and 0.1% SDS) for
20 min each at 50°C. The washed blots were placed on film at —80°C. For
quantitation of RNA loading, blots were stripped by boiling in 0.5% SDS for 15
min and reprobed with glyceraldehyde-3-phosphate dehydrogenase.

RESULTS

HHYV-8 transcription program. To identify changes in gene
expression during the HHV-8 lytic replication cycle, we fabri-
cated custom viral microarrays containing nearly all the known
HHV-8 ORFs, based on published HHV-8 sequence data (32).
The 88 viral array elements were supplemented with 88 cellular
genes. Poly(A)" RNA was isolated from TPA-treated BCBL-1
cells at 0, 3, 8, 10, 12, 24, 36, 48, 72, and 96 hpi to encompass
the complete lytic cycle (29, 33). RNA from induced and con-
trol, uninduced BCBL-1 cells at corresponding time points was
reverse transcribed into fluorescently labeled cDNA in the
presence of Cy3- or Cy5-dUTP. The labeled cDNAs were
hybridized to the custom HHV-8 microarray. The arrays were
scanned for fluorescence intensities in each spot with a confo-
cal laser array scanner, and images were constructed using a
pseudocolor scheme, with spots corresponding to genes highly
expressed during HHV-8 replication appearing red (Fig. 1).
The array consists of four subarrays, each containing 22
HHV-8 elements (V regions) and 22 control cellular genes (C
regions). The time (hours) after TPA induction is indicated at
the right. Examination of the pseudocolored composite array
image shows that, during infection, different viral genes can be
seen to increase (red spots) and decrease (green to light-green
spots) in expression in a distinct temporal pattern while cellu-
lar genes remain unchanged (yellow-green spots), as would be
expected. Even at this relatively gross, qualitative level, a tem-
porally controlled viral transcription program is apparent, with
some viral spots becoming red early after induction and others
turning red later. Occasional white spots indicate saturation
(maximal expression).

Quantitative information extracted from the arrays is pre-
sented in Table 2. The data are normalized to the maximal
expression for each gene and then color coded according to the
time of peak expression. Noting the time at which expression
reaches a peak emphasizes the period of maximal expression
and also shows the relative patterns of increased and decreased
gene expression. For example, ORF 37, which initially in-
creases in expression at 10 hpi, shows peak expression levels at
36 hpi and then displays a gradual decline in gene expression,
whereas ORF 16, which also increases in expression at 10 hpi,
does not show maximal expression until 48 hpi but shows a
much faster decline. Of the 88 viral elements on the HHV-8
array, 1% were at maximum expression at 12 hpi, 17% were at
maximum expression at 24 hpi, 54% were at maximum expres-
sion at 36 hpi, 26% were at maximum expression at 48 hpi, 1%
were at maximum expression at 72 hpi, and 1% were at max-
imum expression at 96 hpi. Table 1 also displays the times
(hours postinduction) at which a doubling in expression (DT)
is seen for each gene compared to baseline expression (0 hpi).
The DT emphasizes the time at which gene expression first
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TABLE 1. HHV-8 primers

TRANSCRIPTION PROGRAM OF HHV-8 (KSHV) 4845

ORF

Forward primer (5")

Reverse primer (3")

90541-89600
90173-90643
ORF K1
ORF K2
ORF K3
ORF K4.2
ORF K5
ORF K6
ORF K7
ORF K9
ORF K10
ORF K11
ORF K12
ORF K13
ORF K14
ORF K15
ORF 2
ORF 4
ORF 6
ORF 7
ORF 8
ORF 9
ORF 10
ORF 11
ORF 16
ORF 17
ORF 18
ORF 19
ORF 20
ORF 21
ORF 22
ORF 23
ORF 24
ORF 25
ORF 26
ORF 27
ORF 28
ORF 29a
ORF 2%
ORF 30
ORF 31
ORF 32
ORF 33
ORF 34
ORF 35
ORF 36
ORF 37
OREF 38
ORF 39
ORF 40
ORF 41
ORF 42
ORF 43
ORF 44
ORF 45
ORF 46
ORF 47
ORF 48
ORF 49
ORF 50
ORF 52
ORF 53
ORF 54
ORF 55
ORF 56
ORF 57
ORF 59
ORF 60

TGAACGCAATCTGAGCTTGATG
AGTCCAGCACCATCATCGACTTC
GCATCCTTGCCAATATCCTGG
GGGATAGAGTCCAAAACACGCAC
CGCCCAAGTTGTTACAGTCACACC
CCTCGCTTGGTCAGCAAAATAAC
CGTCACGTTCTTTGTCTCCAGAGG
TGCTGCATCAGCTTCTTCACC
GCTTGAGTCAGTTTAGCACTGGGAC
TGGTAACGGTGAATTTGCCAAC
CCTTGAAGGTTCGAGAGCGTAAG
CCAACAAAGTATGCTGGGTATTCC
TGCAACTCGTGTCCTGAATGCTAC
GTGTAAGAATGTCTGTGGTGTGCTG
CGTAGTGGAGGGCGGAGTTATATC
GCAAACACACATGCAGCGAG
CATGCGAGAGAAACACGTCACAC
AAGTCCTGTCCAAACCCAGGTG
TCGATGCAACCACAGCTTCTG
CTAGAATGCCTTCAGGAAGTGTGTC
GAGCTTTTTCGGTTCAACCTGG
CAATGCTCCTATGTCGCACCTC
ATTTTTTGTCAGTCCCCTGCCCCC
CGTCATCTCTAATCGAGTACCCCTC
CGAACCTGAGTACCTGTACCATCC
TAGAGCGACTGCTGGCTTCAAC
GGAAAATACGTGTGTGAGACCGAG
GCAGTGTGGGGATTATGTAGTGCTC
TCGTTCTCGATTTCGCACGAG
ACGACGAATCAAGCACCTCCAC
CAACGGCGACGACAATAACC
CACATATCAGTTCGACCACCCC
CCTGAGAAACGAACAGCATTCC
GGACCTGCGGAGAATGATAGATG
CCGAAAGGATTCCACCATTGTG
ACGCCATCAAAGACGCCTTC
TGTTCCTGGCGGCTCGACTG
CTACGTGCTTTTGGTGGGCTAC
CCATGACAACTGCCACAAGTAAGTC
GTGGTGAATGAGAAAGATTTTGAGG
AAAGACTCTGCCTGCTGATGGAC
GGAGGAAAACCAACTTGCGTCTTC
CCAATGTCAGGGGACCATATCAAG
CACTTGCCTAGACTGGAGAAGCTC
GCTATTTGATCGTTTTGGGGGTAG
TCACTCCTCTTCGGAGATCAAGG
AAGACTATCTGGTTGACACCCTGG
CTCCTATCTATCTGCAAACGTCCC
CGTTTCGTCGATTTCACTGTCAC
ACGTCCACTGCCGCATTATTG
CAACCTCGATGGGATATTTCCTC
TCCAGGTGCTTGGTAAAGATGG
TGTTGGCGGTCAGCAGATTC
GTTCATCCTCAACATGACATCGG
GTTGTGCTTCCTGATGAAATCGAG
GCGAGTCAAATAGTCGTTGGCTAG
TGCTGCTTTTAGCCCGAGTCTG
TCACACGTCTGGCTGAGATTTTC
TGCGTGTTTACAATGGTGTAGGTG
TTTTTCGTGCCTCTCGAATGAG
TATTGGCACCAGGAGGCGGTTTAG
GACCACCTCGTCCACAAACTTG
CGAGAGCAAATGAAGCCAGACTC
GCGTGAGAGGCAATACAGAAGTG
ATCGACCGCACCATAGACCAGATC
CAATGTCTTCATTCCCGCCC
TCGGGAACCTTTTGCGAAG
TGGGTTTTTCCTGTATCTCCACC

AGTCGATGATGGTGCTGGACTG
TCCCAGAGGATGTTATCGCAAC
CCAATCCACTGGTTGCGTATAGTC
TCGGTTCACTGCTGGTATCTGG
GATGTTCCTGTCTGCTGGATTTG
ACTGCTTGCCACGTTTTACCTG
TATGTAGGGAAGAGGTGGGGAAC
GACCATTACCACAGGTGCTTCTG
TGGCAAGGTTTTTGGGCAAATC
ATGAACCATCCAGGTCGGAGTCAC
TATACGGGGATTCCTAGCAGCC
ATTGCCTACCGATGGTGGATC
TGGATAGAGGCTTAACGGTGTTTG
ACGGATGACAGGGAAGTGGTATTG
GTGAACTGCTCCTGGGTAGAAGAG
AGCCATTCTATCACTTGGTGGAAC
CGGTTGATACCAAACTCGGGATC
GCGTGGCTTAGTGGAACTCTTG
GTAAGATGACCCATCCAGTGCAG
TGTTAGGTACAGCCCCGTTGTG
ACCATGCCCTGGAGAGTTCTTC
TCAACATGGGTCTGAAACCGTAG
TCGTAGAAGCTGTATGGTGCCTG
GATGGCTGTGACTTTGCATGG
TGTCATTCTCCGTCCCCTTCTTC
CGAGTGGGTGGTTTCCAGATTC
TGTTGTTAAACGCACCAAGGTAGG
GGCTTGTTCAGGTCCATGACTCAC
TGGAGGTGCTTGATTCGTCGTC
ACGTTCCAGGGCTGCATCATTC
CGAGATGCGGCGGAGAAAATAC
AATCCTGAAGTCCCGATGCCACTG
CCCGTCTGCACGTAAAAATCC
ATTAACCACCCACGTCTCGGTC
TGATGTCATCTGGGACGCTCAAC
GAATCAAGGGAGGGGTGGATAG
TGGCATGTATATTGTACGGTAGGG
TGGAAACATACTGCACACGGCAC
TCAGGAACGCCCAGGAAAAG
AGGTCCATCAGCAGGCAGAGTC
ATTTTGTCCGCACCCGCTTG
TGGCAGCTCTTATCCAGGCACTAG
ACAATGGGATCGAACAGAAGACC
CGATGGGATGATTAGATAGTCGCC
TTAGGGAGTTTCAGGGCACACC
AGCACTGCTTCTGAAACGCCAG
CGATTAGCAGCGTAGGAATCTCCAC
TGCTCAAGCAACATGCCCTTTTC
TTCCCCTGCTACTTCAACAATCTG
AGTTGTATCTAAGCTCCACGCTCC
TCATTTCCTTTGCGTCTTGGG
AAAACAACGCACTGGTTGGAAG
TCCCTCTTTGAGATCCTGCAAGG
AAACACCTCACAGACCACTGGG
CATATTCCCACCTCCACCTCTTTC
TGGCACCTAAGTGGATTTCCTTTC
TGGTCACATCTCACGCATACGTC
TTCGTCAAGACCGAGCGTATTC
TTTAGGTATCATTACCCGTCCTGG
TCCACCAGAAGGTGACGGTATATC
CCCAAAAAGGACCTTACGATGGAAG
CGATACTAGGTCACTGCTGGGTTAC
CTTCGTGGGTATGTTTTCGGAC
CCTGGACGTGTTGCGGTATAAAC
ACTTCGCTCACCCTAATGGAATG
TCACTGTTTCTGCACAAGCTGTG
TGCCTGTGGATTTTCACTATGGG
CTTGGCAGAACCGATGGTTTC

Continued on following page
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ORF Forward primer (5") Reverse primer (3")
OREF 61 ATGCAGGCGTTGATGACGAG TTTCTAAAGGTTAGGGTCGGGTG
OREF 62 AGGTGGTGGCGGAAAATACTCC GGGTATATTGGCTTTGCGATTG
OREF 63 TCGGACATTCCACTGCGTTG GGGTATATTGGCTTTGCGATTG
OREF 64 AACAAGACCACAAGCACGGATG TCGGAGGATACCAGGTTTTGG
OREF 65 TGAGAGGGTTGTGAGAATGTCTGAC TGGTGGCTCGCATGAATACC
OREF 66 ACGTTGGTGGGAGGAAAATTG TCTTGGTTTGGTTTGGATGAGG
OREF 67 CCTCATCCAAACCAAACCAAGAC TTTATGCTAAGGGCGGTGCTAC
OREF 68 TCAACTCACGATCCAGGGAAAC GACACCACCTTAGCATTGAGGG
ORF 69 AACAGTAATGCTGCCCCTAGACC AATGTCATCCCGCATCTCGTC
ORF 70 ATACGAATGGTAGGATGCGGG TCGATTCAGCATGAGGTAACTGGG
ORF 72 GGTATCCTGCGGAATGACGTTG TGCGTAAGTTACTGGGCACATG
ORF 73 GGTCATTGCCCCAAAAAATCAC GCATCCAAAGTTCACAACAGCAG
ORF 74 AAGTGAGCGTGTGTGAGATGACC GAGACCGTACATCCTCTGCCTAAAG
ORF 75 GTTAGGTCTGGTGGAACATGCTG TCATTGTATCTGGGCACGACATAGG
T0.7 CGGTGTTTGTGGCAGTTCATGTC TGGCACACGCTGCAATGTACTG
T1.1 GGATTTTGTGCTCGCTGCTTG GGATAAAAACCTTGCCGTCTGGTC

starts to increase substantially (by at least twofold) over base-
line and hence gives a sense of when the expression of a
particular gene commences. Peak times and DTs may not
necessarily be consistent, since peak times reflect RNA accu-
mulation, not just RNA production, and are thus influenced by
such posttranscriptional factors as RNA stability. It should be
noted that the results obtained from the arrays are, strictly,
only a measure of RNA quantity and hence are an indirect
indication of instantaneous transcriptional activity. The DTs
enable the genes to be grouped based on the time of the onset
of expression. Relationships can be seen between patterns in

the onset and peak levels of gene expression and gene function
at particular stages of the viral lytic cycle.

Analysis of the DTs reveals a pattern of differential viral
gene expression in which increased expression of certain viral
transcripts is detected much earlier than is increased expres-
sion of others. The earliest transcriptionally active genes show-
ing one of the first DTs are ORFs 57, K4.2, and K5, which
encode immediate-early proteins involved in viral gene regu-
lation. These genes show increased expression as early as 8 hpi.
Following the expression of these immediate-early proteins,
OREF 50, which encodes a replication and transcription activa-

Uninduced

=
Induced

FIG. 1. Microarray images from BCBL-1 cells induced with TPA. Poly(A)" RNA was isolated from TPA-induced and uninduced BCBL-1 cells
at 0, 3, 8, 10, 12, 24, 36, 48, 72, and 96 h after induction. Poly(A)* RNA was reverse transcribed into fluorescently labeled cDNA in the presence
of Cy3-dUTP (uninduced; pseudocolored green) or Cy5-dUTP (induced; pseudocolored red). The labeled cDNAs were hybridized to an HHV-8
array containing viral ORFs and expressed messages (V regions), as well as a subset of cellular genes (C regions). The arrays were scanned, and
pseudocolor images were constructed. The intensities of gene expression are depicted on the color scale below the image. Down-regulated spots
appear dark green, greenish-yellow spots indicate no change in expression between untreated and treated samples, and spots corresponding to
genes overexpressed during HHV-8 replication appear red. White spots indicate maximal gene expression intensity (saturation) in the Cy5 channel
(635 nm), which indicates very high expression of that particular viral gene.



TABLE 2. HHV-8 genes on array and their expression during the lytic replication cycle”

Calibrated Ratio Normalized Data

ORF Putative Function DT[{Oh 3h 8 10h 12h 24h 36h 48h 72h 96h | Oh 3h 8h 10h 12h 24h 36h 48h 72h W6h
ORFK1 |Membrane protein 10/11 13 14 22 21 30 62 59 38 30|18 21 23 36 34 48 100 4 60 48
ORF 4 Complement binding protein 24|13 1.1 13 22 16 35 45 53 51 39|24 21 24 41 31 65 8 100 9% 72
ORF 6 DNA binding protein 10/09 09 10 39 71 44 54 27 26 44|12 12 14 55 100 62 75 38 37 62
ORF7 Transport protein 1011 1.3 10 29 15 23 37 31 24 24|31 34 28 79 41 62 100 84 64 66
ORF 8 Glycoprotein B 1009 07 1.0 34 36 44 20 22 11 17|21 16 23 77 &1 00 44 50 24 39
ORF 9 DNA polymerase 10/09 09 10 31 39 57 24 24 15 30|15 16 18 34 68 100 42 43 27 82
ORF 10 12115 13 18 29 45 46 97 47 36 32|15 13 18 30 46 48 100 49 37 33
ORF 11 10]16 14 28 37 47 93 150 138 59 43|11 9 19 24 31 62 100 92 39 29
ORFK2 |VIL-6 8|14 20 59 59 74 147 123 106 54 69| 9 14 46 40 S50 W0 84 V2 W 47
ORF 2 DHFR 10110 09 14 34 33 55 51 37 38 25|18 16 25 61 59 00 92 67 68 48
ORFK3 |IE-1 1010 08 18 29 48 74 99 120 57 46| 9 7 15 24 40 62 83 100 47 38
ORF70  |Thymidylate synthase 10109 08 13 30 41 32 46 45 25 43|20 18 29 67 90 70 100 98 55 94
ORFK4.2 [IE-3 8|14 13 44 56 80 95 104 108 55 59|13 12 41 51 74 8 9 100 51 54
ORFK5 [BHV4-IE1 homolog 8|11 13 33 41 44 85 105 102 48 44|11 13 31 39 41 81 100 97 45 42
ORFK6 |VMIP-IA 12112 10 15 23 31 76 136 141 73 48| 8 7 11 16 22 54 9% 100 52 34
ORF K7 24112 10 13 15 16 45 78 54 41 30|16 13 17 19 20 57 100 69 52 39
ORF 16  |vBcl-2 1010 09 12 20 19 52 62 75 44 24|14 12 16 26 26 69 8 100 59 31
ORF 17  |Minor capsid protein 24117 11 13 13 14 75 129 65 75 45|13 8 10 10 11 59 100 51 59 35
ORF 18 24115 13 14 17 15 40 102 85 49 34|14 13 14 17 15 39 100 8 48 34
ORF 19  |Tegument protein 24111 1.1 18 20 16 45 81 47 39 37|14 13 22 24 20 56 100 58 48 46
ORF20  |Fusion protein 24109 09 10 19 17 37 21 20 18 22|25 23 27 31 48 100 57 55 50 61
ORF 21 Thymidine kinase 1009 10 09 19 13 39 43 26 36 38|22 23 21 45 30 91 100 61 84 89
ORF22  |Glycoprotein H 24110 11 10 17 13 39 77 46 52 40|13 15 13 23 17 51 100 60 68 52
ORF 23 24113 11 17 14 12 35 82 60 51 36|16 14 20 18 14 43 100 73 63 44
ORF 24 2411 08 09 17 13 32 39 33 33 24|29 21 23 44 34 82 100 84 85 62
ORF25  |Major capsid protein 24109 08 09 14 15 41 41 29 30 39|21 20 22 34 37 100 98 69 74 95
ORF 26  |Minor capsid protein 24|14 10 14 15 12 48 63 28 50 39|22 15 21 23 19 75 100 45 78 61
ORF 27 24|18 15 21 21 18 66 102 56 64 45(18 14 21 20 18 64 100 55 63 44
ORF 28 24|11 08 08 20 15 36 09 21 18 20 |3F 22 23 85 43 100 26 60 51 356
ORF 29B  |Packaging protein 24|10 08 14 19 16 31 38 45 23 33|22 18 31 42 36 71 8 100 52 75
ORF 30 24|18 12 23 24 21 47 77 58 48 36|24 16 29 31 28 61 100 75 62 46
ORF 31 1011 09 11 24 21 33 26 19 22 3135 28 35 75 64 100 80 58 68 94
ORF 32  |Tegument protein 10]09 10 10 18 17 47 71 27 48 41|13 15 14 2 25 66 100 38 67 58
ORF 33 24|16 11 17 16 17 46 83 57 64 46|19 13 20 20 21 55 100 68 77 56
ORF 29A  [Packaging protein 24|13 12 15 16 18 53 66 56 52 4120 19 24 25 27 8 100 8 79 62
ORF 34 36|14 1.0 14 24 19 27 38 25 28 42|32 25 34 X7 45 65 91 &7 W0
ORF 35 1014 09 15 35 36 36 43 36 29 26|31 21 33 81 8 83 100 8 67 359
ORF 36 Protein kinase 10/09 09 14 40 47 75 84 41 42 41|11 10 17 47 55 89 100 48 50 48
ORF 37  |Alkaline exonuclease 10113 1.1 19 32 48 87 103 99 48 46|13 11 18 31 47 85 100 96 47 45
ORF38  |Tegument protein 12|16 13 28 30 42 71 107 97 59 52|15 12 26 28 39 66 100 91 55 48
ORF 39  |Glycoprotein M 24113 10 16 18 20 64 66 70 60 40|18 14 22 26 29 92 9% 100 8 58
ORF40  |Helicase/Primase subunit 24113 13 12 25 24 44 79 55 43 40|17 16 15 32 30 56 100 70 55 50
ORF 41 Helicase/Primase subunit 24117 15 20 19 21 44 93 83 48 38|18 16 21 20 23 47 100 8 51 41
ORF 42 2419 14 20 19 15 42 91 73 61 48|20 15 22 21 17 47 100 8 67 52
ORF43  |Minor Capsid Protein 24113 11 14 20 14 42 24 41 47 30|29 23 30 44 30 90 51 §7 100 64
ORF44  |Helicase/Primase subunit 24111 13 11 18 16 38 46 42 36 35|23 28 24 39 34 83 100 91 78 75
ORF45  |Transactivator 12|14 13 17 22 42 85 109 101 55 49|13 12 16 20 38 78 100 92 50 44
ORF46  |Uracil DNA glucosidase 10|11 09 16 27 37 69 110 57 54 57|10 8 14 25 33 63 100 51 49 52
ORF 47 Glycoprotein L 10[11 09 15 31 39 68 63 43 36 40|16 13 22 46 358 00 93 63 54 39
ORF 48 Glycoprotein 24111 10 09 17 14 45 78 75 70 51|14 13 11 21 18 58 100 9% 90 66
ORF 49 1014 13 23 35 60 105 96 116 42 53|12 11 20 30 52 9 8 100 36 46
ORF50 |Rta 1011 1.1 20 43 52 107 96 69 38 54|10 0 19 40 49 W0 9% 64 36 50
ORF 52 24|15 1.1 16 21 26 59 83 98 83 51|16 11 16 22 27 60 8 100 85 52
ORF 53 24|13 1.1 13 18 18 53 91 96 83 56|13 12 13 18 18 55 94 100 8 58
ORF 54  |dUTPase 24119 1.6 22 26 28 43 91 96 53 46|20 17 23 27 29 45 95 100 55 48
ORF 55 240115 12 16 25 25 50 119 106 64 48|12 10 14 21 21 42 100 8 54 40
ORF 56  |DNA replication protein 10]11 10 15 26 33 45 51 33 41 31|23 19 30 52 64 8 100 64 80 62
ORF 57  |Immediate early protein 8 (13 14 52 59 75 79 96 112 48 50|12 12 46 53 67 71 8 100 43 45
ORFK9 |VIRF-1 1012 13 20 27 48 170 160 142 97 61| 7 # iz 6 28 100 94 8 57 36
ORF K10 12|12 1.0 13 16 24 66 70 62 57 32|17 14 18 23 34 95 100 88 81 46
ORF K11 24110 09 10 16 17 33 47 47 30 26|20 18 21 35 36 70 998 100 64 55
ORF 59  |Processivity factor (PF-8) 10/08 08 09 26 54 70 78 41 48 58|10 11 12 33 69 9 100 53 61 75
ORF 60  [Ribonucleotide reductase 10/08 08 10 31 45 54 56 31 26 45|14 14 18 56 81 97 100 56 47 82
ORF 61 Ribonucleotide reductase 10/08 06 10 31 42 62 42 67 22 30|12 8 14 47 63 93 62 100 32 45
ORF 62  |Assembly/DNA Maturation 10/08 10 1.1 24 13 26 07 26 15 20|32 39 40 92 51 99 25 100 57 77
ORF 63  |Tegument protein 10/]09 12 09 24 19 27 37 25 15 20|25 32 26 65 50 74 100 69 41 55
ORF 64  |Tegument protein 240113 12 15 18 17 27 53 53 33 24|25 22 28 34 32 50 100 99 62 45
ORF 65  |Minor capsid protein 24114 09 14 14 19 74 82 100 96 31|14 9 14 14 19 74 8 100 97 31
ORF 66  |Capsid protein 24112 1.1 11 16 21 64 86 65 63 42|14 12 13 18 25 75 100 76 73 49
ORF 67  |Tegument protein 12109 10 09 16 18 51 49 41 50 35|18 2% 18 32 36 J00 97 8 97 69
ORF 68 Glycoprotein 12/11 10 09 13 18 37 72 47 21 37|15 14 12 19 25 52 100 66 29 52
ORF 69 24113 09 11 18 23 56 79 93 40 28|14 9 12 19 24 60 8 100 43 30
ORFKI12 |Kaposin 24112 13 14 12 15 54 104 112 100 42|11 11 13 11 13 48 93 100 89 37
ORFKI13 |vFLIP 14 1.8 20 17 19 21 36 33 16 1839 48 56 47 51 57 100 91 43 49
ORF72  |vCyclinD 10 07 09 21 06 13 15 57 22 20|18 11 16 36 11 22 27 100 39 35
ORF73  |Latent associated antigen 12 15 14 15 15 13 18 13 09 17|65 8 79 8 8 74 100 73 49 93
ORFK14 [vOX-2 10(08 07 13 26 34 58 54 47 28 35|14 2 23 44 5§ 100 92 8 48 60
ORF 74 vG-protein coupled receptor 12113 1.1 20 27 37 58 76 96 39 33|14 11 21 28 38 61 80 100 40 34
ORF75  |Tegument protein, FGARAT 24115 12 13 17 18 38 50 45 30 33|30 23 27 34 35 75 100 8 60 65
ORF K15 [Membrane protein 24110 1.0 11 18 17 40 40 38 32 28|26 24 27 45 42 100 993 %4 8 70
T0.7 Latency associated transcript 24|13 13 15 11 14 58 119 79 72 40|11 11 13 ¢ 11 48 100 66 61 33
T1.1 (NUT-1/PAN)lytic cycle transcript] 24 | 1.3 1.1 13 14 14 41 89 49 32 32|15 12 15 16 15 46 100 54 36 36
89600-90541 |IRF Homolog 24|12 10 13 22 22 26 36 51 35 26|24 21 26 44 44 52 70 100 70 51
90173-90643 | Herpes glycoprotein X 24111 1.3 11 21 16 25 39 46 36 28|25 29 25 46 35 54 8 100 80 61

“ Quantitative information concerning the ratio of expression in BCBL-1 cells following TPA induction compared to that for uninduced cells
was extracted from the microarray images and tabulated. Expression was normalized to the maximal expression observed for the gene and color
coded according to time of maximal expression. HHV-8 genes are listed according to their physical location on the HHV-8 genome. Viral genes
with peak expression at the following times are color coded according to the following scheme: 12 h, pink; 24 h, green; 36 h, red; 48 h, blue;
72 h, maroon; and 96 h, olive. DT represents the time (hours postinduction) at which a doubling in calibrated ratio is seen compared to baseline
expression (0 hpi).
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tor (Rta) (32) shown to activate the lytic viral cycle (22, 39), has
increased expression at 10 hpi. Our data are in accord with
studies using Northern blot analyses by Sun et al. (40) which
identify these viral ORFs as immediate-early genes expressed 4
to 8 hpi. ORFs involved in DNA replication (32), including
OREF 2, encoding dihydrofolate reductase; ORF 6, encoding a
DNA binding protein; ORF 9, encoding DNA polymerase;
ORFs 56 and 59, which encode DNA replication proteins;
ORFs 60 and 61, which encode ribonucleotide reductase; and
ORF 62, encoding a protein involved in assembly and DNA
maturation, all show increased expression by 10 hpi, indicating
preparation for viral DNA replication.

The succeeding subset of genes expressed encodes structural
proteins and DNA packaging components (32). Some of the
tegument proteins (ORFs 32, 38, 63, and 67) and glycoproteins
(ORFs 8, 47, and 68) show relatively early expression at 10 to
12 hpi, while other virion structural genes, including ORFs 17,
25, 26, 65, and 66, which encode capsid proteins; ORFs 19, 64,
and 75, which code for tegument proteins; ORFs 29a and 29b,
which encode packaging proteins; and ORFs 22, 39, and 48,
which encode glycoproteins, first show increased expression
somewhat later, at 24 hpi. This differential regulation in ex-
pression suggests that certain components may be needed ear-
lier in assembly to optimize virion assembly. The structural
genes all peaked in expression levels at 24 to 48 hpi.

HHV-8 has been shown previously to encode a number of
proteins that have homology to cellular signaling molecules
and immune components (23, 27, 32). Expression of these
HHV-8-encoded homologs can be detected throughout the
induced lytic cycle, although different cellular homolog genes
are expressed with different kinetics. ORF K2, which encodes
vIL-6 (25), is among the first viral genes to show increased
expression at 8 hpi and peaks in expression level by about 24
hpi. This viral cytokine has been implicated in the pathogenesis
of KS. It has been shown to stimulate hematopoiesis and to
play a role in angiogenesis through the initiation of vascular
endothelial growth factor expression, as well as to stimulate
primary effusion lymphoma cells (1, 5, 11, 23). The early ex-
pression of VIL-6 reinforces the importance of this cellular
homolog in viral infection.

The next set of cellular homologs, with increased expression
at 10 hpi, includes the ORF K9-encoded vIRF-1 (32); the ORF
16-encoded vBcl-2 (10); and ORF K1, which can cause cellular
transformation (24). Peak levels in expression of these viral
homologs are seen between 24 and 48 hpi. These virally en-
coded gene products may contribute to viral pathogenicity by
interfering with the host’s intrinsic antiviral mechanisms such
as apoptosis (10) and interferon-induced signaling (16), which
could hinder viral replication. At 12 hpi, both the ORF K6-
encoded chemokine-like protein vMIP-IA and the ORF 74-
encoded G-protein-coupled receptor show increased expres-
sion and peak in expression by 48 hpi. ORF 4, which encodes
a complement binding protein (32), and ORF K12 (kaposin A)
(32), which can transform cells (19), do not show increased
expression until 24 hpi and do not peak until 48 hpi.

To examine the relationship between the genes and their
expression patterns, the data were analyzed using a hierarchi-
cal clustering algorithm (14) in which the expression of each
gene at every time point was compared and grouped according
to the similarity in gene profiles. The data are presented in the
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FIG. 2. Hierarchical clustering of HHV-8 gene expression data.
Calibrated expression ratios for each gene were cataloged based on the
hierarchical clustering program (average-linkage algorithm) in which
the temporal expression ratios of genes were compared pairwise and
grouped according to their similarity (Pearson’s correlation coeffi-
cient). Columns indicate separate time points, and every row displays the
expression profile of a single ORF. The normalized expression ratios
across all the time points are color coded, with green boxes indicating
expression ratios lower than the mean and red boxes indicating gene
expression greater than the mean. Black boxes indicate an intermediate
level of expression. The magnitude of up-regulation from the mean is
shown by differing intensities of red, with deep red illustrating lower ex-
pression and bright red showing the highest levels of expression. The
dendrogram at the left clusters the ORFs based on the relatedness of their
gene expression patterns. DHFR, dihydrofolate reductase; BHV4, bovine
herpesvirus 4; ssDNA, single-stranded DNA; EBV, Epstein-Barr virus.

form of a colored mosaic matrix where each column represents
a time point following induction and every row indicates the
expression pattern of a single ORF (Fig. 2). The data are
normalized relative to the mean expression level of the ORF
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divided by the standard deviation of the expression level across
all the time points (see Materials and Methods). The normal-
ized expression level of each gene is color coded, with green
blocks indicating gene expression ratios lower than the mean
and red blocks indicating levels of gene expression higher than
the mean. Blocks containing more saturated colors indicate
higher levels of expression. Black blocks indicate an interme-
diate level of expression. The dendrogram at the left of the
image assembles all the genes into a single tree with ORFs
having related expression patterns joined by a branch. The
branch lengths reflect the degree of similarity between the
gene expression profiles. Figure 2 illustrates the ordered and
varied patterns of viral gene expression. It can be seen that the
expression patterns of genes with early expression kinetics are
more closely related to one another than to the patterns of
those with late expression kinetics. For example, ORF 57,
ORF K2, and ORF K4.2, which are expressed early in the lytic
cycle, appear clustered together on the top of the table, and
genes expressed late in the infection cycle, such as ORF 19 and
OREF 75, are found clustered at the bottom of the table, while
LANA (ORF 73) and vFLIP (K13/ORF 71), which are consti-
tutively expressed, are distant from both the early regulatory
and late structural genes. The clustering display of the data
also shows a tendency for genes with similar functions, such as
OREFs 26, 43, and 65, which all encode capsid proteins, to be
clustered together despite being located apart from one an-
other in the viral genome.

To confirm the microarray results, HHV-8 genes including
immediate-early genes ORF K4.2 and ORF 57, early lytic gene
OREF 59, and late lytic gene ORF 17 were selected for North-
ern analysis (Fig. 3). The same PCR-amplified fragments used
to construct the arrays were labeled via random priming and
hybridized to blots made from the same RNA used in the
cDNA synthesis step for the microarrays. The patterns of ex-
pression produced by the two assays are similar, and expression
peaks at about the same times. This essential agreement be-
tween the Northern and array data supports the general ap-
plicability and utility of the array approach.

HHYV-8 transcription program and physical organization of
the genome. Figure 4 shows the expression patterns of the viral
genes superimposed on a physical map of the virus (32) to
illustrate the relationship between the physical map and the
expression data. These data provide a quantitative overview of
HHV-8 gene expression during lytic replication. Here, the ex-
pression data are normalized to the level of peak expression
(set to equal 100) for each gene. The ORFs are color coded by
their function, and the graphs are shaded corresponding to the
first time point at which a doubling in the calibrated ratio is
detected compared to baseline (0 hpi).

The expression patterns of the known genes generally be-
have as expected: immediate-early genes (e.g., ORF 57 and
ORF K5) peak early, while genes encoding virion structural
proteins (e.g., ORF 17 and ORF 66) peak later. The map also
shows the related patterns of expression for certain genes with
common functions. For example, ORFs involved in DNA rep-
lication (purple) all show gene expression patterns which rise
at 10 hpi (peach) while ORFs encoding helicases-primases
(lavender) all show increases in expression at 24 hpi (green).
The map clearly illustrates the carefully ordered nature of the
viral transcription program.
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FIG. 3. Northern analyses for HHV-8 genes. HHV-8 genes, ORF
17, ORF 57, ORF 59, and ORF K4.2, were selected for Northern
analysis to confirm the results obtained using microarrays. The same
PCR-amplified fragments used to construct the arrays were labeled via
random priming and hybridized to blots made from the same RNA
used in the cDNA synthesis step for microarray assays. Data were
collected with a PhosphorImager. The expression patterns obtained
using the Northern blots are those expected for the genes, with ex-
pression for the immediate-early genes ORF K4.2 and ORF 57 peak-
ing approximately 24 to 48 hpi, that for the early lytic gene ORF 59
peaking at 36 hpi, and that for the late lytic gene ORF 17 peaking at
48 hpi. The data were normalized to account for basal gene expression
levels by using uninduced BCBL-1 cells. GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.

DISCUSSION

Over 25 years ago, some of the earliest experiments in mo-
lecular virology showed that herpesvirus replication proceeds
through a strict, temporally ordered transcription program
(30, 43). However, the limitations of traditional techniques
constrained the ability to determine the quantitative details
of herpesvirus transcription programs. Here, we have custom
built viral microarrays to provide a comprehensive description
of the HHV-8 transcription program and to delineate viral
ORFs based on their transcriptional kinetics. The results re-
markably echo those initial descriptions, while providing quan-
titative detail covering the expression patterns of genes with
both known and unknown functions and offering insights into
viral replication and pathogenesis.

Although the latent infection system of stimulated BCBL-1
cells may not include all the subtle aspects of viral gene ex-



4850 PAULOSE-MURPHY ET AL. J. VIROL.

SORSINBINT.

100 100 100
6] a0}

AL
o
od
eof ed ool
Anlllly. Il
29 29 o 20)
LI I il L0 il I o

CneSSNBENE COeSNRBING

3

Cne2NILING
\ > 2 Ks
7 8 o 10 11
| > i M=
£ o
8 kb 12 kb 16 kb 20 kb

2 o
48 kb 52 kb 56 kb 60 kb

23 24

SASSIREINE.

enmRNIBING = CNOINIBING CNeINIBING

SoeSSRAINE

.DNA Replication @Tegument proteins Modification proteins D 8 hoi I:I 24 hoi
[D Transcription [ Capsid proteins [} Immediate early proteins P _ p!
D Exonuclease [ Packaging Unknown [ 10 hpi [ 36 hpi

[P Glycoproteins [P Cellular homologs [} Constitutive constitutive

100 kb 104 kb 108 kb 112 kb 116 kb 120 kb 124 kb 128 kb 132 kb 136 kb 140 kb

CPeSYRBINE.

CORNTBINE

FIG. 4. HHV-8 map. The expression patterns for HHV-8 genes were placed onto a physical map of the virus (32). ORFs are color coded by
function. Graphs are shaded by the time at which a doubling in calibrated ratio is seen compared to time 0 hpi (baseline). The expression levels
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pression evident in more physiologic exogenous infection sys-
tems, the patterns of gene expression seen with our microarray
analysis concur with the functional roles of the viral genes and
agree with published work describing HHV-8 expression kinet-
ics (33, 40). Our results, together with the available data con-
cerning the organization of the HHV-8 genome, permit a viral
genome-wide assessment of the interrelationship between
genomic structure and the transcription program. Certain
ORFs which lie far apart on the genome but which have similar
functions display analogous expression patterns. For example,
ORFs 25, 43, and 65 encode capsid proteins. Even though they
are located apart from one another on the genome, they are
late genes expressed with similar patterns and were found to
cluster together using the clustering algorithm (Fig. 2). Simi-
larly, ORFs 19, 32, 38, 63, 64, and 75, which encode tegument
proteins, are also found in different parts of the genome but
are expressed with similar kinetics. It will be interesting to
determine whether such genes with similar expression patterns
lying far apart on the genome share similar regulatory mech-
anisms. Conversely, some adjacent genes exhibit quite distinct
expression patterns. ORF 56 (DNA replication protein), ORF
57 (immediate-early protein), and ORF K9 (VIRF-1) are lo-
cated adjacent to one another on the genome but exhibit quite
different expression patterns and cluster with other genes of a
similar expression class, with ORF 57 showing an immediate-
early pattern of expression while the other genes were ex-
pressed later (also Fig. 2). Some adjacent genes, such as ORFs
40 and 41, which encode subunits of a helicase-primase and are
encoded by a single transcript, show similar patterns of expres-
sion, as expected. Other adjacent genes, such as ORFs 65 and
66, which encode capsid proteins, show slightly different pat-
terns, perhaps indicating additional posttranscriptional levels
of regulation.

The expression patterns of particular classes of genes ob-
tained in our studies may offer insights into viral replication
and pathogenesis strategies. The HHV-8 genome encodes over
80 OREFs, including a large number of cellular gene homologs
implicated in pathogenesis (17). As expected, the genes show-
ing the earliest increase in expression are involved in gene
regulation. Genes involved in DNA replication show increased
expression slightly later, consistent with the classical descrip-
tions of herpesvirus replication programs. Interestingly, the
cellular homolog genes are expressed with various kinetics, and
these differences in kinetics can offer insights into the role of
the cellular homologs in viral replication and pathogenesis
strategies. For example, the relatively early expression of vIL-6
(ORF K2) suggests that it may play a particularly important
role in optimizing the host or host cell for viral replication.

Following the expression of genes involved in DNA replica-
tion, a wave of structural and packaging genes is expressed as
the virus shifts to assembly of virions. It is near this time that
a second subset of viral homologs is expressed, including genes
encoding vBcl-2, vIRF, and a transformation-associated pro-
tein (ORF K1 gene product) (19). Apparently, as the structural
proteins of the virus are expressed, the virus finds it advanta-
geous to attack the intrinsic host antiviral mechanisms. By
activating multiple cellular homologs simultaneously, the virus
can potentially prevent programmed cell death of the infected
host cell and concurrently alter cell cycle progression. At the
end of the lytic cycle, additional viral homologs, including the
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G-protein-coupled receptor (ORF 74) (2) and kaposin A
(ORF K12), involved in cellular transformation (24), are ex-
pressed. These genes are apparently required at the end of the
viral replication cycle, presumably to optimize the cell for the
later stages of the replication cycle.

While many of the HHV-8 ORFs to date remain unclassi-
fied, the comprehensive description of the transcription pro-
gram can serve to suggest functions for these previously un-
characterized genes, since the timing of gene expression is
generally related to function. ORFs 11, 31, 35, and 49 are
expressed earlier in the induced lytic cycle, at 10 hpi, similar to
patterns exhibited by the early transactivators and certain cy-
tokine homologs. ORF 10 shows increased expression at 12
hpi, with an expression pattern similar to those of genes in-
volved in DNA replication. We predict that this gene is in-
volved in the earliest stages of viral replication or in preparing
the cell for replication. ORFs K7, 18, 23, 24, 27, 28, 30, 33, 42,
52, 53, and 69 are all expressed later, at 24 hpi, and show
patterns of gene expression similar to those for functional
classes of structural and packaging proteins and the cellular
homologs with late expression patterns. These genes likely
encode additional structural components, are involved in
virion assembly, or modify the host cell to sustain viral repli-
cation, for example, by blunting antiviral functions.

Although arrays can provide a wealth of data concerning
gene expression patterns, the approach has some inherent
technical limitations. These limitations are particularly appar-
ent when the arrays are used to examine expression patterns of
multiply spliced, alternatively spliced, and polycistronic mes-
sages. ORF 50, which is expressed as a polycistronic message,
encoding ORF K8, ORF K8.1, and ORF K8.2 (35, 44), shows
increased expression at 10 hpi, as would be expected for this
known immediate-early gene involved in the activation of lytic
replication (22, 39). Alternative splicing and transcriptional
readthrough events, however, make it difficult with microarray
technology to clearly delineate discrete gene expression pro-
files for the various ORFs within this polycistronic message.
The expression patterns that we observed for ORF K8.1 and
ORF K8.2 showed no significant differences from that for ORF
50, although it is known that ORF K&.1, which is located
downstream of ORF K8, is expressed as a late gene during lytic
replication in BCBL-1 cells (21, 46).

ORFs K13 (ORF 71), 72, and 73 have been identified as
3’-coterminal transcripts that are coregulated (12, 41). A
5.4-kb mRNA encodes all three ORFs, while a smaller 1.7-kb
bicistronic mRNA has been shown to contain ORF K13 and
ORF 72 (12). These ORFs have been classified as latency-
associated transcripts, which are not induced by lytic replica-
tion. Although our data do indicate constitutive expression
levels for ORFs K13/71 (vFLIP), 73 (LANA), and 72 (vCyclin
D), an increase in expression of these messages is seen be-
tween 36 and 48 hpi for ORF K13/71, at 36 hpi for ORF 73,
and at 48 hpi for ORF 72. Interestingly, these time points
correspond with the peak expression of many of the virally
encoded cellular homologs. Each of these ORFs encodes gene
products having activities that affect important aspects of cel-
lular physiology. For example, LANA has been shown to block
p53 and pRb and to interfere with apoptosis (15, 28), vCyclin
has been associated with cell cycle disruption (20), and vFLIP
has been shown previously to inhibit apoptosis (42). These
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latent genes, with their distinct activities, may be additionally
contributing to the dysfunction caused by the cellular ho-
mologs to promote viral infection and disease progression.

Kinetic profiling using viral microarray technology provides
a rapid and efficient means to analyze global changes in viral
gene expression during infection. Chambers et al. (7) and Stin-
gley et al. (38) have similarly utilized viral arrays to analyze the
transcription programs of human cytomegalovirus and herpes
simplex virus type 1, respectively. Both studies demonstrate the
efficiency of viral arrays in the classification of viral genes based
on the kinetics of gene expression. The patterns of HHV-8
gene expression seen here provide insights into the processes
of HHV-8 replication and into the manipulation of the host
cell by the virus, insights that should improve our understand-
ing of the pathogenesis strategies of the virus and the mecha-
nisms through which it causes disease.
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